Solid-state NMR has the potential to contribute to the quality of monitoring of the in growth of synthetic biomaterials in bone related tissue engineering. Severe experimental difficulties arise from the morphological diversity of bone, from the coexistence, interrelationship and great complexity of its organic and inorganic components, and lastly, from the substantial sensitivity of bone samples to physical and chemical effects. High-resolution solid-state NMR gives us the opportunity to look specifically at selected magnetic nuclei in whole bone without any chemical pretreatment, thus avoiding interference with bone structure. Solid-state NMR spectroscopy is thus an excellent tool to obtain such high-resolution information on bone samples not subjected to any chemical pretreatment. This short review has thus discussed current application of solid-state NMR in characterization of bone related tissue engineering.
INTRODUCTION
Bone is the building material of the vertebrate skeleton. The main function of the skeleton is to support the soft tissues. Bone experiences numerous complex changes over the lifetime of the organism, both natural and pathological, related to changes in other tissues. The factors determining overall bone quality are bone mineral density (BMD) measured with densitometry, bone micro architecture (morphology) which can be assessed using imaging techniques (X-ray Computed Tomography and MRI), and bone chemical composition and structure, which can be investigated with instrumental analytical methods, preferably spectroscopic. The latter study requires bone samples collected during surgical operations, while the former examinations are non-invasive. Spectroscopic and imaging tools can complement the analysis of bone formation in bone grafts.
Fourier-transformed infrared, Raman, and X-ray diffraction spectroscopy have provided evidence for the formation of bioapatite crystals, the major inorganic component * Authors to whom correspondence should be addressed.
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of bone. Bone is a dynamic tissue undergoing a continuous rebuilding process. Bone turnover is associated with resorption of old tissue by osteoclasts (bone resorption cells) and formation of new tissue by osteoblasts (bone forming cells). This remarkable activity allows bone to grow and retain structural integrity, for example by healing micro fractures. Simultaneously, the bone mineral serves as the main body reservoir of calcium and phosphorus. The rebuilding process itself, and the transport of elements to and from bone by means of various chemical species, are controlled by specific homeostasis, which is at least in part regulated hormonally. From the morphological point of view, the adult skeleton is 80% cortical and 20% trabecular bone. Cortical bone is compact, while trabecular bone consists of a network of interconnected plates and struts, which are 100-300 m thick. Because of the resulting high surface area, trabecular bone is metabolically more active and responsive to influences and diseases, such as osteoporosis.
The bone tissue consists of cells (ca. 2 wt%) and extracellular matter, amenable to examination by highresolution solid-state NMR. The extracellular matter contains respectively ca. 65, 25 and 10 wt% of inorganic material, organic material and water. The bone mineral is dominated by calcium apatite deposited on the organic matrix, which is ca. 90% collagen. [1] [2] [3] [4] In addition to bone mineral and organic matrix, water is an abundant component of bone, accounting for up to 25% by weight. 5 Much of this water occurs in pore spaces responsible for nutrient diffusion and contributing to the viscoelastic properties of the material. These pore spaces, with dimensions from millimeters (in trabecular bone) to 0.1 mm, have been extensively investigated. [6] [7] [8] Intact bone is a demanding material for structural studies. Severe experimental difficulties arise from the morphological diversity of bone, from the coexistence, interrelationship and great complexity of its organic and inorganic components, and last but not least from the substantial sensitivity of bone samples to physical and chemical effects. In consequence, classical "wet" chemistry methods are often criticized as too invasive, especially if it is necessary to isolate the inorganic or organic part from whole bone. By contrast, high-resolution solid-state NMR gives us the opportunity to look specifically at selected magnetic nuclei in whole bone without any chemical pretreatment, thus avoiding interference with bone structure. 1 H and 31 P resonances are particularly suitable for the study of the bone mineral, while 13 C resonance is indispensable when observing the organic matrix. Solid-state 1 H, 31 P and 13 C NMR spectra of bone are broadened by homonuclear and heteronuclear dipolar coupling, chemical shift anisotropy (CSA) and structural disorder, which spread chemical shifts. In order to obtain high resolution 13 C and 31 P spectra, one must use magic-angle spinning (MAS) under high-power proton decoupling. 1 H, 13 C, 31 P, and 2D 1 H/ 31 P HETCOR NMR experiments under magic angle spinning (MAS) conditions have been used for the structural studies of bone mineral and model calcium phosphate compounds. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Knowledge of the storage and transport of calcium ions in bone, and the interaction between bone proteins and calcium ions are essential for understanding bio mineralization and bone remodeling. Moreover, the calcium ions at the surfaces of mineral crystallites are likely the sites for chelation that couples minerals to matrix, although the chelating proteins are still unknown. Additionally, these ions tightly bind bisphosphonates as sparingly soluble salts and allow bisphosphonate antiresorptives to be administered at intervals varying between 1 week and 1 year, depending on the solubility. 26 Solid-state NMR spectroscopy is thus an excellent tool to obtain such highresolution information on bone samples not subjected to any chemical pretreatment (e.g., deproteination or demineralization). This review thus discusses current updates on bone related tissue engineering studies based on solidstate NMR spectroscopy.
INTRODUCTION TO SOLID-STATE NMR IN BONE-TISSUE ENGINEERING AND REGENERATIVE MEDICINE
Bone grafting surgery and the treatment of bone defects represent a routine procedure for orthopedic surgeons. Naturally, the best source for bone replacements is autologous tissue; however, complications with regard to donor site morbidity, quantity of tissue that can be obtained, and pain during recovery are not uncommon. 27 Therefore, in vivo bone tissue engineering using artificial biocompatible scaffolds instead of autologous bone grafts may represent an attractive alternative. 28 29 Autologous cells can be seeded into these scaffolds and implanted into a bone defect of the patient either to heal it or to produce bone material for autologous transplantation. 30 Usually, the scaffolds used in bone tissue engineering are porous microcarriers that provide a large surface area for cell growth during propagation. 31 In particular, calcium phosphate ceramics have been shown to induce stable interfaces between the regenerated bone and the surface of the scaffold material (bone bonding). 32 Surface coating with cyclic RGD peptides has also been shown to stimulate osteoblast adhesion and proliferation. 33 In addition, some of these scaffold materials are biodegradable and can be resorbed without toxic degradation products. With the advent of new stem cell techniques, mesenchymal stem cells have been used instead of osteoblasts to colonize these scaffolds. While the cells participate in healing, they are also capable of forming new extracellular matrix (ECM) of the bone material. Mesenchymal stem cells are multipotent cells, and in vitro osteogenic differentiation can be induced by the cell culture medium. 34 Once implanted into the body, they will produce organic and inorganic ECM to finally form bone tissue. Although a few bone tissue engineering procedures are already in preclinical use, there is further need for in vitro and animal studies to improve the technology and fully exploit the potential of this very promising method.
Yet, the monitoring of ECM production and the quantitative determination of organic and inorganic bone matrix remain an open issue. Typically, (immuno) histological, scanning electron microscopic and radiological techniques are applied to characterize the microscopic and macroscopic adoption of the scaffold into the bone and the production of ECM. 35 36 In particular, immunohistochemical staining against bone protein antibodies provides a very reliable and sensitive marker for the production of bone tissue. However, all these techniques are invasive and require at least a biopsy from the newly formed tissue.
31 P solid-state nuclear magnetic resonance (NMR) represents a direct method to detect 31 P nuclei in different chemical and structural arrangements, e.g., in various calcium phosphates. [37] [38] [39] Some spectroscopic tools bear the potential to be applied in a noninvasive fashion. Magnetic resonance imaging represents a noninvasive technique in tissue engineering of bone. 40 By using 31P NMR spectroscopic methods, important insights into one mineral metabolism and the process of mineralization have been obtained. In combination with 1 H NMR, it was recently shown that bone mineral crystals contain hydroxyl ions, which has for decades been a subject of controversy .More relevant for clinical applications are the 31P NMR studies on osteoformation of calcium phosphate implants. 41 Since the technique is capable of quantitatively distinguishing between the phosphate in the artificial scaffold and in the newly formed bone material, 31 P solid-state NMR spectroscopy represents a quantitative tool to detect the formation of ECM in artificial bone grafts. 42 In addition to the spectroscopic investigation of bone mineral, solid-state NMR has great potential for investigating the organic component of bone. About 25-30% of bone is organic matrix, which is mostly constituted of collagen type I. To investigate the collagen component of bone, solid-state NMR represents a very useful method. 43 Previous NMR studies had to heavily rely on isotopic labeling with 2 H, 13 C, 15 N, or 19 F to detect the NMR signals of collagen, which limited application of the technique for animal implants. [44] [45] [46] [47] [48] Magic-angle spinning (MAS) first allowed detection of 13 C NMR spectra of isolated collagen at natural abundance [49] [50] [51] [52] but recently even collagen in intact cartilage tissue has been detected, assisted by the sensitivity gain provided by high field magnets. 53 The individual carbon sites of collagen provide much more chemical shift dispersion than the phosphate groups of the inorganic bone component. 13 C NMR offers site resolution for the major amino acids in collagen. Further, structural and dynamic parameters are available for each resolved signal. In spite of this great potential, only very few NMR studies of bone related tissue engineering characterization have been reported. [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] In addition, NMR spectroscopy provides an interesting biophysical method to study both the organic and inorganic bone matrix. 31 P NMR has been applied to study biomineralization, i.e., the formation of bone apatite, in various bone implants. 66 Further, 13 C NMR represents a very useful tool to study the organic component of bone. NMR spectroscopy is often perceived as a method which is extremely useful for the study of molecules in solution, but the spectral resolution deteriorates for larger compounds and molecules of a few tens of kilo Daltons are not amenable to the method. Indeed, solution NMR relies on the fast isotropic tumbling of the molecules, which is slowed down significantly for larger molecules, leading to line broadening caused by efficient relaxation methods, which results in the loss of resolution. In contrast, solidstate NMR techniques do not require molecular mobility and there is no intrinsic molecular mass dependent limitation. Therefore, solid-state NMR has been recognized as a very useful tool to study the immobile molecules of biological tissues, for instance in cartilage, 67 bone 68 or skin, for more than 30 years. In particular, collagen in its various types has been analyzed by solid-state NMR, as reviewed by several authors. [69] [70] [71] The most important difference between solution and solid-state NMR spectroscopy is the fact that the orientation dependence of the NMR interactions (such as chemical shift, dipolar coupling and quadrupolar coupling) is abolished in solution by the isotropic tumbling of the molecules. However, in the solid state, this orientation dependence is conserved, which results in broad spectral lines caused by anisotropic spin interactions not fully averaged by molecular motion. These lines, however, contain valuable structural information. Further, limited, nonisotropic molecular motions allow the determination of dynamic parameters, such as amplitudes and correlation times of motion.
The disadvantage of the broad lines is that the presence of even a few molecular sites with different chemical shifts can lead to severe line superposition, which often cannot be resolved by deconvolution. Therefore, specific isotopic labeling has been applied to overcome this problem. Using the labeling strategy, the molecular mobility of collagen in hard and soft tissue has been characterized comprehensively by Torchia's group. 65 In spite of the great success of this approach, providing biomolecules with single isotopic labels is tedious, expensive and time consuming, and particularly challenging for biological tissues. Therefore, researchers have tried to improve the resolution of NMR spectra under solid-state NMR conditions. Similar to the scaling of the anisotropic powder patterns by molecular motions, a macroscopic rotation of the sample around a specific axis with respect to the external magnetic field results in a decrease in the width of the NMR spectra broadened by anisotropic interactions. Any rotation of the sample at an angle with respect to B 0 scales the NMR interactions by the second-order Legendre polynomial 1/2 3 cos 2 − 1). At an angle of 54.74 , the Legendre polynomial vanishes, which means that all anisotropic NMR interactions that can be considered as first-order perturbations of the Zeeman Hamiltonian are averaged out, provided that the spinning frequency is comparable with or greater than the strength of the interaction. If lower spinning frequencies are applied, the broad powder pattern collapses into a series of narrow lines spaced by integer multiples of the rotational frequency, and the envelope of the intensities of these reproduces the static line shape. This method is called magic angle spinning (MAS) and has revolutionized solid-state NMR. [72] [73] [74] Combined with the cross-polarization (CP) technique, where, initially, the high-g 1H nuclei are excited and the polarization is subsequently transferred onto the hetero nucleus via dipolar couplings, 75 CP also allows spectral editing to suppress the signals from 13 C not having strong dipolar coupling to 1 H, e.g., as a result of rapid motion of the 1 H 13 C vector with respect to B0. The 13 C MAS NMR spectra not only provide a fingerprint of a particular molecule, but the isotropic chemical shift at which each carbon atom detected is indicative of the secondary structure of the molecule. Thus, from the peak position, a conclusion can be derived about the structural integrity of collagen that is synthesized in an implant.
In addition, 31 P CPMAS studies on bone and bone implants have allowed the investigation of the process of biomineralization, as reviewed recently. 76 In the last 10 years, high-resolution MAS NMR applications have been demonstrated, where MAS is used to improve the resolution of NMR spectra of tissues, but solution NMR-type pulse sequences are applied. 77 When internal standards are added to the sample, quantitative monitoring of the de novo formation of ECM in implants can be achieved.
USE OF SOLID-STATE NMR TOOLS FOR THE CHARACTERIZATION OF ECM IN BONE TISSUE-ENGINEERED IMPLANTS
Solid-state NMR spectra provide useful information about the molecular mobility of the molecules of ECM, which can be related to the quality of the newly formed tissue and its macroscopic dynamic properties. 74 The width of a solid-state NMR spectrum, which is broadened by anisotropic spin interactions, is related to the strength of the motionally averaged anisotropic nuclear spin interaction. Any motion with a correlation time shorter than the inverse of the interaction strength in Hertz will lead to a narrowing of these spectra. In the case of an isotropic molecular motion, the complex powder pattern breaks down to a single Lorentzian or Gaussian line.
As demonstrated by Torchia's group using specific 2 H, 13 C, 15 N or 19 F labeling of single residues in collagen, NMR spectra reflecting the presence of residual anisotropic nuclear spin interactions were detected. 75 For interactions that can be described by axially symmetric second-rank tensors, such as dipolar coupling or quadrupolar interaction in carbon-deuterium bonds, the ratio of the measured motionally averaged interaction and the rigid limit value of the interaction provide an order parameter that reflects the geometry and amplitude of the molecular motion. 76 In the work by Torchia's group, the molecular motions of all major amino acids in collagen could be evaluated by the measurement of the motionally averaged chemical shift anisotropies, dipolar and quadrupolar couplings. Therefore, the static solid-state NMR line shapes provide a wealth of dynamic information that can be used to further characterize the ECM formed de novo in tissue implants. However, this technique can only be applied for single isotopic labels in complex biological molecules.
APPLICATION OF NMR IN CHARACTERIZATION OF BONE RELATED TISSUE ENGINEERING
Nuclear magnetic resonance (NMR) spectroscopy represents a versatile tool to characterize bone and artificial bone implants. The power of the NMR approach lies in the diversity of nuclei and nuclear spin interactions that can be studied. This allows for not only the separation of the major organic and inorganic components of bone material but also determination of material classes and their properties just by choosing the nucleus in combination with a specific NMR pulse sequence on the identical sample. In addition, NMR is a quantitative tool allowing for stoichiometric analysis of the material composition. Solid-state NMR is a useful analytical tool to monitor the formation of bone ECM quantitatively. The method can be used to overcome challenges faced in bone engineering including the choice of the appropriate scaffold material, possible surface modifications of these scaffolds, and the right growth conditions. Since tissue engineering of bone faces increasing demand, current procedures may benefit from an atomistic and quantitative understanding of bone synthesis in implant materials by solid-state NMR spectroscopy.
Typically, the NMR spectra of solid materials are characterized by broad, anisotropic line shapes. However, the application of magic angle spinning (MAS) averages the anisotropic contribution to the chemical shift and collects the spectral intensity into a narrow center band and a number of spinning sidebands. In the center band of the NMR spectrum, the characteristic signals are separated according to their isotropic chemical shifts. Depending on the nucleus that is observed in these spectra, the organic and inorganic components of the newly formed bone ECM could be detected. The solid-state NMR results can be quantified to measure the composition of the implant material, provided a few prerequisites are fulfilled. First, all 31 P nuclei need to be polarized identically, as in a single pulse excitation experiment. Second, the chemical shift anisotropies of the signals must be similar; otherwise all sideband intensities have to be included into the analysis. Third, the spin-lattice relaxation times of the molecular species must be at least five times shorter than the repetition time of the experiment. In addition to the inorganic contribution of bone ECM, solid-state NMR can also detect the organic component in the implants using 13 C NMR.
The MAS technique allows quantitative detection of the rigid organic and inorganic components of the bone ECM with site resolution, which cannot be achieved in vivo spectroscopy. In particular, 13 C NMR analysis of collagen formation in the retrieved implants represents a new methodological approach. One trade-off of the solid-state NMR technique is the loss of space resolution as MAS averages over the entire sample. The techniques may provide useful information for the analysis of animal studies or preoperative treatment of artificial scaffolds with stem cells or growth factors or in bioreactor applications. 77 The 31 P NMR analysis of the inorganic ECM formation in the implants allows quantitative detection of bone mineral formation complementary to other spectroscopic tools, e.g., vibrational spectroscopy. [78] [79] [80] Schulz et al. 63 used 31 P and 13 C solid-state nuclear magnetic resonance (NMR) spectroscopy to detect and analyze the major organic and inorganic components (collagen type I and bioapatite) in natural rabbit bone and -tricalcium phosphate implants loaded with osteogenically differentiated mesenchymal stem cells. Highresolution solid-state NMR spectra were obtained using the magic-angle spinning (MAS) technique. The 31 P NMR spectra of bone specimens showed a single line characteristic of bone calcium phosphate. 13 C cross-polarization (CP) MAS NMR spectra of bone exhibited the characteristic signatures of collagen type I with good resolution for all major amino acids in collagen. Quantitative measurements of 13 C-1 H dipolar couplings indicated that the collagen segments were very rigid, undergoing only small amplitude fluctuations with correlation times in the nanosecond range. In contrast, directly polarized 13 C MAS NMR spectra of rabbit bone were dominated by signals of highly mobile triglycerides. These quantitative investigations of natural bone may provide the basis for a quality control of various osteoinductive bone substitutes. Also, formation of extracellular bone matrix in artificial mesenchymal stem cell-loaded -tricalcium phosphate matrices that were implanted into the femoral condyle of rabbits was studied by Schulz et al. 63 The NMR spectra of these bone grafts were acquired 3 months after implantation. In the 31 P NMR spectra, -tricalcium phosphate and bone calcium phosphate could be distinguished quantitatively, allowing recording of the formation of the natural bone matrix. Further, 13 C CPMAS allowed detection of collagen type I that had been produced in the implants. Comparison with the spectroscopic data from natural bone allowed assessment of the quality of the bone substitute material.
A combination of solid-state NMR spectroscopy and MRI has been used to evaluate the formation of extracellular matrix in poly(D,L-lactide-co-glycolide) (PLGA) bone implants. Porous PLGA scaffolds were implanted into rat tibiae and analysed after 2, 4 or 8 weeks. In addition, implants were analyzed by solid-state NMR spectroscopy under magic angle spinning. 13 C NMR spectra showed the unambiguous signature of collagen formed in the scaffolds, but also the characteristic signals of the PLGA matrix, indicating that resorption was not complete after 8 weeks. Furthermore, 31 P NMR spectroscopy detected the inorganic component of the matrix, which is composed of bioapatite. 31 P NMR spectra were quantified and this analysis revealed that the amount of inorganic extracellular matrix formed de novo was significantly lower than in native bone. This demonstrates that solid-state NMR spectroscopy, in particular in combination with MRI, can provide useful information on the composition and structure of the extracellular matrix, and serve as a tool to evaluate the quality of tissue engineering strategies.
ADVANTAGES AND DISADVANTAGES OF NMR IN CHARACTERIZATION OF BONE RELATED TISSUE ENGINEERING
• The NMR spectroscopy technique has the advantage of providing information about the structure of the organic and inorganic bone ECM, which can be quantified, for instance, to monitor the de novo formation of ECM in bone implants, and also provide information about the molecular dynamics of ECM, which are related to the elastic properties of bone and thus the function of the tissue.
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• NMR studies on polymers and rubbers have highlighted the impact of molecular mobility on the macroscopic elastic properties of these materials. [75] [76] [77] [78] [79] [80] [81] [82] [83] The extension of such studies to natural and artificial connective tissue seems promising. 74 Further, dynamic measurements provide an additional means of comparing newly synthesized collagen with that of native bone, thus contributing to the assessment of collagen 'quality' in the implants. These parameters can be evaluated to contribute to quality control/quality assurance in the various approaches in tissue engineering. Both cell culture and animal models need to be analyzed in a quantitative manner, and NMR spectroscopy can play an important role in the evaluation of the different strategies. An additional advantage of this method is that no invasive sample treatment procedures, such as staining, fixation or the application of enzymes are necessary.
• The tissues or implants can be studied as they are retrieved. These disadvantages of the method result from the fact that a biopsy is always required for the analysis and all spatial information about the molecules of ECM is lost because MAS averages out the anisotropic spin interactions. Although the orientational information can, in principle, be recovered using recoupling methods, [84] [85] [86] MRI experiments are more straightforward to obtain spatial information. MRI can, for instance, highlight collagen orientation in biological tissues 87 and therefore complement the quantitative spectroscopic analysis. However, conventional MRI cannot yield localized solid-state NMR spectra, as discussed in this paper.
• MRI does not rely on biopsies and can also be applied to the patient in a noninvasive fashion. Because of the direct relationship between the bone structure and biomechanical properties of the bone, high-resolution MRI can provide essential information with respect to the success of the implantation, in addition to the molecular structure and dynamics of the components of bone ECM and their quantitative analysis that NMR spectroscopy can provide.
• The visualization of the implant-bone boundary offered by MRI techniques can provide valuable information with regard to the success of tissue integration. However, conventional MRI does not yield localized solid-state NMR spectra.
CONCLUSION
The successful demonstration of NMR experiments on bone tissue related engineering could enable an investigation of the interaction of all kinds of bone proteins with bone minerals and organic matrix. These studies would encourage the use of other cutting-edge solid-state NMR MAS techniques to investigate the high-resolution structure of bone minerals, the interaction between proteins and bone minerals, and the chemical changes in bone. Naturalabundance solid state NMR in general and its applications to structural studies of bone in particular will significantly benefit from the use of highest possible magnetic field NMR spectrometers and other successful solid-state NMR techniques. Moreover, various nano-composite materials are finding more and more applications in biomedical scopes, we strongly believe that solid state NMR technique will bring about some new sights to researchers.
